Damaraland mole rats (DMRs, Fukomys damarensis) are a eusocial fossorial species that spend the majority of their life in densely populated underground burrows, in which they likely experience intermittent periods of elevated CO 2 (i.e. hypercapnia). The primary physiological response to hypercapnia in most mammals is to increase depth and rate of breathing (i.e. hyperpnoea), but this response is often blunted in species that inhabit hypercapnic environments. In their natural habitat, DMRs putatively experience a gaseous environment ranging from normocapnic (0.1% CO 2 ) to hypercapnic (6.0% CO 2 ) conditions (Roper et al. 2001 J. Zool. 254, 101-107). As such, we hypothesized that DMRs would exhibit blunted hypercapnic ventilatory and metabolic responses, relative to those of non-fossorial rodent species. To test this hypothesis, we exposed awake, freely behaving DMRs to normoxic normocapnia (21% O 2 , 0% CO 2 , balance N 2 ) or graded normoxic hypercapnia (21% O 2 , 0, 2, 5, 7 and 10% CO 2 , balance N 2 ), and measured ventilation and metabolism using whole-body plethysmography and indirect calorimetry, respectively. We found that ventilation and metabolism were unchanged during prolonged normocapnia, whereas during graded hypercapnia, ventilation was elevated at 2% CO 2 and above. As a result, O 2 extraction efficiency at the lungs decreased with increasing hyperpnoea. Conversely, metabolic rate did not increase until 10% CO 2 , presumably due to the metabolic cost of hyperpnoea. Taken together, our results suggest that despite their fossorial lifestyle, DMRs do not exhibit adaptations in their ventilatory or metabolic responses to environmental hypercapnia.
Introduction
Environmental hypercapnia (i.e. elevated CO 2 ) occurs in a variety of different habitats, ranging from burrows of fossorial and hibernating species, to shallowwater oceans and coastal waters [1, 2] . In the body, elevated CO 2 -induced respiratory and/or metabolic acidosis can pose significant challenges to the regulation of pH-sensitive physiological processes and may result in a wide variety of pathologies [3, 4] . Fortunately, hypercapnia is acute and transient in most environments, and can be adequately dealt with via a suite of homeostatic mechanisms. The primary physiological response to environmental hypercapnia is an increase in ventilation (i.e. the hypercapnic ventilatory response, HCVR) [5] ; mammalian ventilation is particularly responsive to changes in environmental CO 2 . Conversely, the effect of hypercapnia on metabolism (i.e. the hypercapnic metabolic response, HCMR) is less clear, although an increase in metabolic rate during hypercapnia may be expected to match the increased energetic cost of the HCVR [6] .
However, there are many environments in which elevated CO 2 is not transient, and organisms that live within these ecological niches (e.g. fossorial mammals)
& 2019 The Author(s) Published by the Royal Society. All rights reserved. may experience prolonged hypercapnic conditions. Indeed, the habitats of burrowing animals tend to be quite hypercapnic relative to atmospheric conditions due to a combination of poor air circulation, limited diffusion of gases through the soil, and densely grouped populations [7] [8] [9] . Not surprisingly, most organisms that live in such environments exhibit HCVRs and HCMRs that are atypical of surface-dwelling mammals, indicating physiological adaptations to life in hypercapnia. Specifically, fossorial animals typically exhibit decreased sensitivity to elevated CO 2 [7] , manifested as a delayed or blunted HCVR (i.e. the CO 2 threshold necessary to induce hyperpnoea is elevated and/or the magnitude of the HCVR is reduced, respectively). For example, compared to marmots, hamsters, and gophers (among others), the fossorial blind mole rat (Spalax ehrenbergi) has one of the highest HCVR CO 2 thresholds, such that ventilation does not increase from normocapnic values until approximately 5% CO 2 [10] . Furthermore, S. ehrenbergi survives 15% CO 2 for at least 8 h under laboratory conditions, with no apparent deleterious effects or behavioural changes [9] . Similarly, the HCVR of the completely fossorial pocket gopher (Thomomys bottae) is initiated at 6% CO 2 [11] . Perhaps more impressively, the eusocial naked mole rat (Heterocephalus glaber) does not exhibit a HCVR below 10% CO 2 and will tolerate 5 h of inhaling 80% CO 2 without detriment [12] . In these examples, blunting or delaying the manifestation of the HCVR likely reduces the energetic costs associated with hyperpnoea in hypercapnia [7, 13] . Conversely, in hypercapnia-intolerant rats, ventilation tracks closely with increasing CO 2 , and rats typically exhibit an HCVR almost immediately upon experiencing increased environmental CO 2 [10, 14] .
Damaraland mole rats (DMRs; Fukomys damarensis) are not only a fossorial species, but are also one of only two eusocial species of mammals. DMRs live in large colony groups in densely populated and sealed underground burrows. Relative to those of many other fossorial species [15] , DMR burrows are not uniformly hypercapnic: the average CO 2 level measured in DMR burrows is approximately 0.4% CO 2 [8] . However, measurements in some regions of DMR burrows were as high as 6% CO 2 . As a result, DMRs conceivably experience very high levels of CO 2 periodically within their burrows, most likely within their nest chambers wherein a large number of animals huddle together and sleep in a confined space. Recently, we demonstrated that DMRs do not exhibit behavioural responses to hypercapnia, as shown by a lack of change in exploratory behaviour or increased movement velocity in levels of CO 2 up to nearly double the maximum level recorded in DMR burrows (i.e. 10% CO 2 ) [16] . Therefore, based on what is known regarding the burrows of DMRs, their behavioural responses to inhaled CO 2 , and the physiological responses to hypercapnia of other fossorial species, we hypothesized that DMRs are adapted to environmental hypercapnia and predicted that they would exhibit a blunted HCVR and HCMR to acute hypercapnia. To test these predictions, we exposed DMRs to progressively deeper hypercapnia while measuring ventilation and metabolic rate. Based on our observations, we conclude that DMRs exhibit a robust HCVR in response to graded hypercapnia, similar to non-adapted mammals.
Abridged materials and methods
Nine subordinate male and female DMRs underwent two sets of experiments. In the first experiment, animals were exposed to normocapnia (21% O 2 , 0% CO 2 , balance N 2 ) for 5 h. In the second experiment, animals were exposed to graded hypercapnia, where inflowing air was set to normocapnia for 1 h, then followed by progressive increases in CO 2 concentration for 1 h each (2, 5, 7, 10% CO 2 ; 21% O 2 , balance N 2 ). Both sets of experiments were conducted at 308C.
Animals were placed in one of two Plexiglas chambers of identical volume (1 l), which acted as the experimental and reference chambers. Gases were continuously supplied at 0.4 l min 21 . The excurrent gas was passed through a desiccant and then O 2 and CO 2 sensors (Sable Systems, Las Vegas, NV, USA). The rates of O 2 consumption ð _ VO 2 Þ and CO 2 production ð _ VCO 2 Þ were measured from these excurrent gases at each experimental stage. Due to the detection limitation of our CO 2 sensor, _ VCO 2 , respiratory exchange ratio (RER), and air convection requirement of CO 2 (ACR VCO2 ) values were not measured in 10% CO 2 stages. Breathing frequency ( f R ) and tidal volume (V T ) were measured continuously throughout experiments using wholebody plethysmography. Total minute ventilation ð _ V E Þ was calculated as the product of f R and V T . From these measurements, ACR, RER, and per cent O 2 extraction (eO 2 ) were calculated.
Data were collected using LabChart software (AD Instruments, Colorado Springs, CO, USA) and analysed in PowerLab (AD Instruments). Both metabolic and breathing data were averaged over at least 10 min of stable recordings at the end of each hour from animals that were awake. Statistical significance was evaluated using a two-way repeated measures ANOVA, with CO 2 exposure protocol (normocapnia versus acute hypercapnia), and CO 2 level (0-10%) as the independent variables ( p , 0.05).
Results and discussion (a) The hypercapnic ventilatory response is not blunted in Damaraland mole rats
Animals not adapted to chronic environmental hypercapnic conditions will generally display a marked HCVR when exposed to elevated environmental CO 2 , whereas hypercapniaadapted animals will often display a blunted response [7] . Contrary to this pattern, we report that the fossorial DMR does not have a blunted HCVR, but instead exhibits a significant increase in _ V E at even the lowest level of environmental CO 2 tested in our experiments (2%; figure 1a). Specifically, _ V E increased during graded hypercapnia by 63% in 2% CO 2 , and by as much as 448% in 10% CO 2 figure 1c) ; however, neither individual variable was significantly increased at 2% CO 2 (instead increases in both variables became significant at 5% CO 2 ). This response suggests that DMRs have a nonblunted HCVR, similar to that of other small rodents that are not adapted to environmental hypercapnia [7, 15, 17] . The absence of a blunted HCVR in DMRs may indicate that this species has not been exposed to sufficiently chronic and/or high levels of CO 2 in their natural habitat to have driven ventilatory and/or metabolic adaptations to environmental hypercapnia. Indeed, the average CO 2 level of 0.4% reported from measurements of their burrows is not particularly challenging [8] . Conversely, measurements of CO 2 from royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190006 the burrows of other fossorial species, such as S. ehrenbergi, are markedly higher [8, 18] . The difference between these gaseous environments is likely due to differences in soil composition, with denser and wetter soils inhibiting gas diffusions [19] . For example, S. ehrenbergi burrows found under heavy soil have lower O 2 and higher CO 2 concentrations (19.0 + 0.6% O 2 , 0.9 + 0.5% CO 2 ) compared to burrows found in lighter soil (20.0 + 0.5% O 2 , 0.2 + 0.2% CO 2 ) [9, 18] . Conversely, DMR burrows are found primarily in semi-arid environments (17) , where water content is relatively limited and soil is less dense. This drier environment likely allows ample gaseous diffusion through the soil. However, in areas of the burrow where animals gather in large numbers, such as in the nest, air exchange through the soil is likely not sufficient to mitigate the accumulation of CO 2 produced by a group of animals, leading to the creation of localized hypercapnic micro-environments in some areas of the burrow, and thus intermittent hypercapnia exposure to animals moving about between various burrow chambers. This is likely the cause of the divergent CO 2 measurements from DMR burrows in the literature (e.g. 0.4 versus 6% CO 2 in [8] ). Our results suggest that this putative exposure is not sufficient to have driven physiological adaptations to blunt ventilatory responses to hypercapnia in this species.
(b) Damaraland mole rats exhibit a hypercapnic metabolic response in extreme hypercapnia
An increase in metabolic rate during hypercapnia may be expected in order to match the increased energetic cost of the HCVR [6] . However, experimental results in other species do not consistently demonstrate this relationship. For example, there are several studies showing a decrease in metabolic rate despite elevated ventilation in hypercapnia [20] [21] [22] , while others show no change [6, 23] . Importantly, some animals may display resting metabolic rates that are high enough to tolerate the increased energetic demand of hyperpnoea in hypercapnia, such that adjustment may only be required in extreme environmental conditions. Our results show such a delayed adjustment, whereby _ VO 2 does not increase with progressive acute hypercapnia relative to normocapnic controls until the highest level of CO 2 tested (11.9 + 1.7 versus 6.5 + 0.4 ml min 21 kg 21 in 10% CO 2 and normocapnia, respectively; p ¼ 0.02, figure 2a) .
Similarly, we found no change in _ VCO 2 in 2-7% CO 2 (figure 2b); however, data were not collected at the highest level of CO 2 tested due to limitations in the range of our CO 2 sensor. Due to the relative lack of change in metabolic rate with progressive hypercapnia below 10% CO 2 , the change in the DMR ACR largely mirrors that of the change in figure 2c,d) , resulting in overall hyperventilation during hypercapnia. Additionally, the RER is not significantly different between normocapnic controls and any level of hypercapnia (figure 2e), indicating that DMRs do not adjust their metabolic fuel source in acute hypercapnia. Importantly, as hyperventilation increases, DMRs are able to extract less O 2 from each breath (F 1,8 ¼ 31.4, p ¼ 0.0005, figure 2f ). As such, as hypercapnic load increases, DMRs display a less efficient breathing strategy, indicating that increasing ventilation as a means to mitigate respiratory/metabolic acidosis may not be successful in this species.
Taken together, these results suggest that while DMR ventilation is sensitive to hypercapnia, the metabolic cost of hyperpnoea may not become significant until extreme hypercapnic conditions. With decreased breathing efficiency, it is conceivable then that metabolic rate cannot compensate until higher CO 2 levels, when the combination of both factors of hyperpnoea and decreased efficiency of breathing maximally contribute to metabolic load. Indeed, different forms of hyperpnoea generate different metabolic costs. For example, rapid shallow panting (which is often associated with thermoregulation) requires significantly less energy compared to increased V T , despite both strategies resulting in a similar increase in _ V E ( [23] and references within). Following from this, DMRs seem to employ increased V T , the effect of which is exacerbated with increasing CO 2 . This may ultimately lead to an accumulated metabolic stress at the highest level of CO 2 tested for which the animals' resting metabolic rate cannot compensate. Alternatively, low levels of inspired CO 2 may suppress metabolic rate, as has been suggested in Mus musculus [24] . Whether the lack of change in metabolic rate is indicative of a low cost of ventilation or suppression by environmental CO 2 warrants further study.
(c) Summary
We report that DMRs have a HCVR that is typical of surfacedwelling rodents and do not display a blunted HCVR in royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190006 response to graded hypercapnia. Conversely, graded hypercapnia does not elicit a HCMR in DMRs until high levels of CO 2 , likely reflecting the accumulated metabolic cost of hyperpnoea. Altogether, these results offer a unique perspective on the impact of a fossorial lifestyle, and demonstrate that while a species such as the DMR may live in subterranean habitats, the local ecological environment may significantly modulate the specific suite of physiological adaptations to life underground. 
